Clathrin-coated vesicles mediate endocytosis and transport between the trans -Golgi network (TGN) and endosomes in eukaryotic cells. Clathrin adaptors play central roles in coat assembly, interacting with clathrin, cargo and membranes. Two main types of clathrin adaptor act in TGN-endosome traffic: GGA proteins and the AP-1 complex. Here we characterize the relationship between GGA proteins, AP-1 and other TGN clathrin adaptors using live-cell and super-resolution microscopy in yeast. We present evidence that GGA proteins and AP-1 are recruited sequentially in two waves of coat assembly at the TGN. Mutations that decrease phosphatidylinositol 4-phosphate (PtdIns(4)P) levels at the TGN slow or uncouple AP-1 coat assembly from GGA coat assembly. Conversely, enhanced PtdIns(4)P synthesis shortens the time between adaptor waves. Gga2p binds directly to the TGN PtdIns(4)-kinase Pik1p and contributes to Pik1p recruitment. These results identify a PtdIns(4)P-based mechanism for regulating progressive assembly of adaptor-specific clathrin coats at the TGN.
and the extent of co-localization has varied in different studies 1 . Here we have taken advantage of the dispersed nature of Golgi cisternae in the yeast Saccharomyces cerevisiae to assess the distribution and relative dynamics of fluorescently tagged AP-1 and Gga proteins expressed at endogenous levels. Our results provide evidence for sequential waves of adaptor-specific coat assembly, coupled by synthesis of PtdIns(4)P.
RESULTS

Gga2p and AP-1 assemble sequentially
Movies of cells expressing clathrin coat proteins fused to GFP or mRFP were acquired by spinning-disc confocal microscopy. Clathrin coat protein fusions, expressed from the normal chromosomal loci, localized as heterogeneous puncta throughout the cell, similar to patterns observed by immunofluorescence microscopy of fixed cells 6, 10 . Fluorescently tagged clathrin heavy chain (Chc1p-mRFP) localized as transient puncta at the plasma membrane and at internal sites (Supplementary Movie S1) as observed by others 11 , normally persisting for 2 min or less. Internal clathrin foci grew to relatively large sizes (0.3-1.5 µm), assumed irregular and often changing shapes, and moved in random directions. TGN clathrin adaptors formed puncta with characteristics of the internal clathrin structures (Fig. 1) .
The relative dynamics of specific protein pairs were assessed in two-colour movies of single optical sections by tracking individual puncta. In cells expressing Gga2p-mRFP and β1-GFP (β1 subunit of AP-1), Gga2p foci appeared first, increased in intensity, and then became AP-1 positive as the Gga2p intensity declined ( Fig. 1a and Supplementary Movie S2). A total of 98% of Gga2p puncta transitioned to AP-1 (n = 101, 38 cells). Conversely, 95.8% of AP-1 puncta were preceded by the appearance of Gga2p (n = 142, 51 cells). In contrast, imaging of cells expressing clathrin light chain (GFP-Clc1p) and heavy chain (Chc1p-mRFP) revealed complete co-localization and coincident profiles, as expected for subunits of the same protein complex ( Supplementary Fig. S1a ). We presume that declines in coat protein fluorescence intensity reflect budding of CCVs. Infrequently we observed release of smaller puncta, but were unable to effectively track budding events. The Gga2p to AP-1 sequence was also observed by three-dimensional live-cell imaging where optical sections were collected along the z axis over time (Fig. 1b) , indicating that the appearance of puncta in single optical sections probably represents coat assembly rather than movement of pre-existing coats into the focal plane. On the basis of better temporal and spatial resolution and reduced photobleaching, subsequent analyses were carried out with single optical sections.
A R T I C L E S
We determined the times between peak intensities of Gga2p-mRFP and β1-GFP in puncta (peak-to-peak time). Gga2p-mRFP fluorescence intensity peaked 10.4 s ± 0.55 s before AP-1 reached peak fluorescence intensity (Table 1 , row 1, and Supplementary Fig. S1b ). Similar results were obtained when the σ 1 subunit was tagged with GFP and compared with Gga2p-mRFP (L.D., unpublished observations).
Chemically fixed cells were imaged by structured illumination microscopy (SIM), a super-resolution technique 12 . Gga2p-GFP or β1-GFP was localized as clusters of ≈100-200 nm structures, consistent with the size expected for individual or closely spaced coated pits (Fig. 2a,b) . This indicates that puncta observed by confocal microscopy can be composed of multiple individual coats below the resolution limit of the microscope. In SIM images of cells expressing both Gga2p-mRFP and β1-GFP, most of the Gga2p structures were adjacent to, but distinct from, the β1 structures (Fig. 2e) . Our data provide evidence that the consecutive fluorescence peaks of Gga2p and AP-1 represent a wave of semi-synchronous Gga2p coat formation followed by a wave of AP-1 coats. Multiple coated structures in each fluorescent puncta probably accounts for the heterogeneity in peak-to-peak values.
Two waves of clathrin adaptor assembly
Ent3p binds to Gga2p and depends on Gga2p for localization 4, 6 . Ent3p and Gga2p fluorescence intensities peaked simultaneously ( Fig. 1c and Table 1 , row 2, and Supplementary Fig. S1c and Movie S3). Moreover, Haploid cells expressing the indicated fluorescent proteins were imaged using live-cell microscopy. Multiple puncta from each strain were analysed for changes in fluorescence intensity of the indicated proteins over time. The time between the points of peak fluorescence intensity for each protein was determined and the mean peak-to-peak time was calculated for all of the analysed puncta in a given strain. The data are presented as the mean ± s.e.m. for each strain. The order of tagged proteins in each row represents the order of assembly. Some rows are repeated to facilitate comparison (1, 15,24; 4,26; 8,13; 17,22) . Light blue shading separates groups that share a common wild type control.
Ent3p localized as 100-200 nm puncta that substantially co-localized with Gga2p by SIM (Fig. 2c,f) . In comparison with AP-1 (either β1 (Table 1, row 3) or σ 1 (L.D., unpublished observations)), Ent3p peaked on average 10.2 s earlier, similarly to Gga2p. Little co-localization between Ent3p and AP-1 was evident by SIM ( Supplementary Fig. S2a ). Ent5p binds clathrin, Gga2p and AP-1 (refs 4,6) . Genetic interactions indicate that Ent5p function is more important for AP-1-mediated transport 4 . Ent5p appeared as puncta after Ent3p (Fig. 1d) ; 98.2% of Ent3p puncta became positive for Ent5p (n = 114, 38 cells) and almost all Ent5p puncta derived from Ent3p puncta (98.5%, n = 67, 23 cells). The peak-to-peak time between Ent3p and Ent5p was 8.4 s (Table 1, row 4), slightly shorter than that observed between Gga2p/Ent3p and AP-1. This difference can be attributed to a small population (≈20%) of puncta in which Ent5p intensity peaked close to that of Ent3p ( Supplementary Fig. S1d) , and a main population that peaked 9.8 s after Ent3p. Similar results were obtained with Gga2p-mRFP and Ent5p-GFP ( Fig. 1e and Table 1 , row 5, and Supplementary Movie S4). In accord with these findings, most but not all Ent5p peaked coincidentally with AP-1 (Fig. 1f and Table 1 , row 6, and Supplementary Fig. S1e) . By SIM, 100-200 nm Ent5p puncta infrequently co-localized with Gga2p and more commonly overlapped with β1 (Fig. 2d,g and Supplementary Fig. S2d ).
Together, our results reveal two waves of adaptor assembly: Gga2p and Ent3p assemble first, peaking along with a minor fraction of Ent5p, followed 10 s later by a spatially distinct peak of AP-1 assembly and most of Ent5p. These relationships correspond well with known physical and genetic interactions 4 .
Sequential adaptor assembly occurs at the TGN
Sec7p, an ARF GTPase nucleotide exchange factor, is a TGN peripheral membrane protein [13] [14] [15] . Sec7p-mRFP and Gga2p-GFP fluorescence profiles were coincident ( Fig. 3a and Table 1 , row 7), providing evidence that the main site of Gga2p assembly is the TGN. Sec7p-mRFP peaked 10.4 s before β1-GFP, the same time separation observed between Gga2p and AP-1 (Fig. 3b and Table 1 , rows 1 and 8). A total of 95.4% of Sec7p-mRFP puncta became positive for AP-1 (n = 154, 68 cells) and 94.4% of AP-1 puncta arose from Sec7p puncta (n = 108, 53 cells). These data indicate that the process of sequential clathrin adaptor assembly originates at the TGN.
Clathrin and AP-1 dynamics depend on Gga proteins
Clathrin assembly, monitored with Chc1p-mRFP, peaked at about the same time as Gga2p (Fig. 3d and Table 1, row 9). In static images of cells, 56% of Gga2p co-localized with Chc1p and significant overlap was observed by SIM, as expected for assembly of individual Gga2p-containing clathrin coats (Fig. 2h) . In cells expressing Chc1p-mRFP and β1-GFP, the peak of Chc1p preceded the AP-1 peak by 8 s (Table 1 , row 10), consistent with the relative timing of Gga2p and AP-1 assembly. However, in contrast to Gga2p, substantial clathrin fluorescence signal persisted through the AP-1 peak (Fig. 3e) . AP-1 co-localization with (e-h) Maximum image projection of the merged channel for GGA2 -mRFP β1-GFP (GPY3109; e), GGA2-mRFP ENT3-GFP (GPY3954; f), GGA2-2xmRFP ENT5-2xGFP (GPY4962; g) and CHC1-mRFP GGA2-GFP (GPY4931; h). In e, the blue-bordered inset (top right) shows the three-dimensional volume view of the blue-outlined region below with no rotation (left) and with rotation around the x and z axes (right). In e-h, the white-bordered insets (bottom left) show (left to right) the GFP, mRFP and merged maximum image projection for the puncta outlined in white above. Scale bars, 400 nm.
Chc1p in static images was lower than that observed for Gga2p; 44% (n = 75 cells) versus 56% (n = 99 cells), P = 0.002. Similarly, the overlap between AP-1 and clathrin was less apparent by SIM, indicating that at steady state clathrin is preferentially associated with Gga2p-enriched coats ( Supplementary Fig. S2b ).
In contrast to wild-type cells, cells lacking Gga proteins exhibited Chc1p peak intensity at virtually the same time as AP-1 (0.79 s; Fig. 3f and Table 1 , row 11) and co-localization between AP-1 and clathrin increased from 44% (n = 75 cells) to 58% (n = 78 cells), P = .001.
Similar results were obtained in cells lacking Ent3p and Gga proteins (L.D., unpublished observations). As expected from these findings, SIM analysis of gga1 gga2 ent 3 cells revealed greater co-localization between clathrin and AP-1 ( Supplementary Fig. S2c ). Thus, Gga proteins seem to establish the initial timing and localization of clathrin assembly at the TGN. Consistent with this interpretation, inactivation of AP-1 (β1 ) did not alter the relative timing of Gga2p and Chc1p assembly, except to eliminate the shoulder of clathrin fluorescence signal that corresponds to the peak of AP-1 in wild-type cells (Table 1 , row 12, and Supplementary Fig. S3 ).
In gga1 gga2 cells, AP-1 assembly relative to Sec7p-mRFP was delayed by ≈2.5-fold when compared with wild-type cells (Fig. 3b,c and Table 1 , rows 13 and 14). Thus, the timing of AP-1 assembly depends on Gga proteins, providing evidence that AP-1 recruitment is coupled to prior assembly of Gga/clathrin coats.
Arf1p influences adaptor dynamics
Arf GTPases are associated with Gga-and AP-1-mediated protein transport from the TGN (ref. 1). There are two Golgi-localized Arf proteins in yeast, Arf1p and Arf2p. Both yeast Gga proteins bind to Arf-GTP but this interaction is not absolutely required for Gga protein localization and function 7, 10 . In contrast, AP-1 localization is more dependent on Arf-GTP (ref. 7) . Adaptor dynamics were investigated in cells carrying a deletion of ARF1, which is expressed at ten times the level of ARF2 (arf1 arf2 cells are inviable 16 ). Although Golgi elements coalesce into a limited number of large structures in arf1 cells 17 , there was a clear progression from Gga2p to AP-1 ( Fig. 4a and Supplementary Movie S5). However, AP-1 peak fluorescence signal was delayed by twofold when compared with wild-type cells (Table 1, 
Temporal modulation of PtdIns(4)P levels by Gga and Arf1 proteins
PtdIns(4)P binds to, and promotes localization of, GGA proteins and AP-1 in mammalian cells 18, 19 . A similar low-affinity interaction between PtdIns(4)P and Gga protein occurs in yeast 20 . To monitor PtdIns(4)P levels, we used GFP fused to the PtdIns (4) 22 . Thus, PtdIns(4)P increases at the TGN after recruitment of Sec7p and Gga2p and seems to peak before the maximum levels of AP-1. As for AP-1, the normal kinetics of PtdIns(4)P accumulation depends on Gga and Arf1 proteins.
Depletion of PtdIns(4)P inhibits sequential assembly of clathrin adaptors
PtdIns(4)P levels at the Golgi were lowered using a temperaturesensitive allele of PIK1 (pik1-83 ts ), encoding the PtdIns(4)-kinase associated with Golgi function in yeast 22, 23 . At the permissive Sec7-mRFP temperature, GFP-PH OSH1 exhibited a wild-type localization pattern. After 30 min at 37
• C, the reporter was primarily cytoplasmic (Supplementary Fig. S4a-d) , indicative of reduced PtdIns(4)P levels. There was no significant effect of Pik1p inactivation on localization of a PtdIns(3)P reporter, GFP-FYVE ( Supplementary Fig. S4e-h) .
In pik1-83 ts cells shifted to 37
• C, Gga2p and Ent3p maintained punctate co-localization (Fig. 5a,b) . By comparison, a significant fraction of Ent5p was redistributed to the cytoplasm (Fig. 5c,d ). Under the same conditions, AP-1 assembled, although little AP-1 was recruited to Gga2p puncta (Fig. 5e-g and Supplementary Movie S6). This uncoupling resulted in a significant decrease in Gga2p/AP-1 co-localization in static images whereas there was little change in Gga2p/Ent3p colocalization (Fig. 5h) . Gga2p/AP-1 co-localization was not restored by introducing an enzymatically inactive Pik1p mutant 24 ( Supplementary  Fig. S5a) . In ent5 cells, the relative co-localization of Gga2p and AP-1 was equivalent to that in wild-type cells (G.C., unpublished observations), making it unlikely that the effect of Pik1p inactivation on the relationship between Gga2p and AP-1 was due to Ent5p mislocalization.
PtdIns(3)P synthesis was eliminated by deleting VPS34, which encodes the only PtdIns(3)-kinase in yeast 25 . The PtdIns(3)P reporter GFP-FYVE, but not GFP-PH OSH1 , was primarily cytoplasmic in vps34 cells, demonstrating a specific loss of PtdIns(3)P ( Supplementary Fig. S5b,c) . In vps34 cells, we detected punctate localization and sequential assembly of Gga2p and AP-1 as well as Ent3p and Ent5p, similar to wild-type cells ( Supplementary Fig. S5d ,e and Movie S7). Together our findings support a specific role for PtdIns(4)P in recruitment of Ent5p and AP-1 to Gga2p/Ent3p-positive Golgi membranes.
Pik1p overexpression increases the rate of adaptor progression
To elevate PtdIns(4)P levels, we used strong constitutive promoters to drive expression of PIK1 and FRQ1, an adaptor necessary for Pik1p localization 26 . In these cells, GFP-PH OSH1 peaked simultaneously with Gga2p, about 5 s earlier than in wild-type cells, providing evidence for increased rates of PtdIns(4)P synthesis at the TGN (Table 1,  rows 22 and 23) . Under these conditions, we observed significantly higher Gga2p/AP-1 co-localization and a twofold reduction in the peak-to-peak separation (Fig. 6a,d and Table 1 , rows 24 and 25, and Supplementary Fig. S1g ). Similar results were obtained with Ent3p and Ent5p (Fig. 6b,d and Table 1 , rows 26 and 27). Levels of co-localization between Ent3p and Gga2p were not altered (Fig. 6c,d ). The diametric effects of elevating or reducing PtdIns(4)P levels identify this phosphoinositide as a critical factor controlling TGN clathrin adaptor progression.
To assess the fidelity of clathrin-mediated transport between the TGN and endosomes in Pik1p/Frq1p-overexpressing cells, maturation of the mating pheromone α-factor was evaluated. Pheromone maturation is initiated in the TGN by the Kex2p protease, which relies on clathrin-, AP-1-and Gga-dependent cycling between the TGN and endosomes for localization 5, [27] [28] [29] . Compared with wild-type cells, Pik1p/Frq1p-overexpressing cells exhibited partial α-factor maturation defects (8.6 ± 1.3% (n = 4) precursor forms in Pik1p/Frq1p-overexpressing cells versus 3.2 ± 1.2% (n = 4) in wild-type cells (P < 0.01); Fig. 6e ). This result provides evidence that clathrin-mediated TGN localization of Kex2p is perturbed in Pik1p/Frq1p-overexpressing cells.
We also observed a defect in glycosylation of carboxypeptidase Y (CPY). The core oligosaccharides added to CPY in the endoplasmic reticulum (p1 CPY) are extended in the Golgi apparatus (p2 CPY). p2 CPY is proteolytically matured in the vacuole (mCPY). The Golgi α1-3 mannosyltransferase Mnn1p adds the final sugars to generate p2 CPY (ref. 30) . Localization of Mnn1p to the TGN, as for Kex2p, depends on clathrin 31 . In pulse-chase experiments, p2 and mCPY in Pik1p/Frq1p-overexpressing cells were slightly smaller than in wild-type cells (Fig. 6f,g and Supplementary Fig. S6a,b) . The p1 forms in the two strains were identical (Fig. 6f) and endoglycosidase H treatment eliminated the difference between mCPY species (Fig. 6g) , indicating that the smaller sizes of p2 and mCPY in Pik1p/Frq1p-overexpressing cells are due to incomplete glycosylation in the Golgi. The defects in α-factor maturation and CPY glycosylation indicate that increased synthesis of PtdIns(4)P and shortened adaptor progression times are associated with compromised clathrin-mediated TGN-endosome traffic, probably because precocious AP-1 assembly sorts Kex2p and Mnn1p away from their substrates in the TGN.
Gga2p acts in Pik1p recruitment and directly binds Pik1p
In wild-type cells, Frq1p-GFP peaked at nearly the same time as Sec7p-mRFP whereas GFP-Pik1p reached maximum levels 4.1 s later, similar to the peak of PtdIns(4)P (Fig. 7a and (Fig. 7c and Supplementary Fig. S6c,d) . Moreover, Pik1p from cell extracts interacted specifically with the Gga2p VHS domain (Fig. 7d and Supplementary Fig. S6e ) and the Gga2p VHS domain bound directly to a recombinant Pik1p fragment ( Fig. 7e and Supplementary Fig. S6f ). Together these results provide evidence that direct physical interactions between Gga proteins and Pik1p contribute to Pik1p recruitment to the TGN.
DISCUSSION
Our results demonstrate two sequential waves of clathrin coat assembly that originate at the TGN and are distinguished by adaptor type. Gga2p, Ent3p and a minor population of Ent5p assemble in the first wave. AP-1 and most Ent5p are recruited in the second wave. The relative timing of AP-1-enriched coat assembly is dependent on Gga proteins and Arf1p, and the progression between coat types is controlled by PtdIns(4)P. This coupled progression of adaptorspecific clathrin coat formation reveals a hitherto unrecognized process of TGN maturation.
The relationship between Gga and AP-1 adaptor function has not been clearly defined. Although the two adaptors share a number of interaction partners, including Arf, PtdIns(4)P and clathrin, they recognize different cargo sorting signals and certain accessory proteins, and only partially co-localize in static images 1,4,9 . We observed that the major populations of Gga2p and AP-1 were separated in time and space. These results indicate that most clathrin coats forming at the TGN consist primarily of one or the other type of adaptor, and so would be enriched with the corresponding cargo selectivity. This organization provides a simple mechanism to generate CCVs at the TGN targeted to different compartments based on adaptor-directed incorporation of targeting/fusion proteins. In accord with this view, Gga proteins recruit Ent3p, which in Scale bars, 2 µm. The bottom panel shows a three-channel kymograph of the selected puncta; the time to acquire one image pair was 1.2 s. Every other image pair is shown in the kymograph. (h) Gga2p-mRFP co-localization with β1-GFP (GPY4942) or Ent3-GFP (GPY4940) was quantified in pik1-83 ts cells at 24 • C (light grey bars) or after a shift to 37 • C for 30 min (dark grey bars). Error bars, s.e.m.; n, number of events; * * * P < 0.001; NS, not significant (two-tailed t -test).
turn binds SNAREs (soluble NSF attachment protein receptors) involved in targeting/fusion to late endosomes, thereby specifying the destination of Gga-enriched CCVs (refs 32-34). Thus, temporally regulated genesis of adaptor-specific coats represents a means to diversify the trafficking repertoire of coated vesicles budding from a particular compartment.
Our results indicate that PtdIns(4)P is a key regulator of the TGN adaptor assembly sequence. Changes in PtdIns(4)P levels that alter adaptor progression are accompanied by defects associated with adaptor function. For example, in combination with pik1 ts alleles that lower PtdIns(4)P levels, deletions of Gga proteins or AP-1 subunits result in synthetic growth and/or partial α-factor maturation defects 20 (L.D. and G.C., unpublished observations). Importantly, increased PtdIns(4)P synthesis due to Pik1p/Frq1p overexpression also leads to incomplete α-factor maturation and CPY glycosylation. These findings support the view that adaptor progression contributes to optimal function of clathrin-mediated traffic from the TGN. The effects of PtdIns(4)P on adaptor assembly are likely to be, at least in part, direct. Mammalian AP-1 binds PtdIns(4)P and the residues in the mammalian AP-1 γ subunit necessary for phosphoinositide binding are conserved in the yeast protein 19 . Ent5p contains an amino-terminal domain homologous to phosphoinositide-binding ANTH domains. Binding of Ent5p (and Ent3p) to PtdIns(3)P and PtdIns(3,5)P 2 has been reported [36] [37] [38] ; however, the specificity of this interaction has been questioned 39 . Our findings are most consistent with a primary role for PtdIns(4)P in Ent5p localization in vivo.
Similarly to AP-1, Gga2p binds to PtdIns(4)P and Arf1p through low-affinity interactions that cooperate to enhance Gga2p membrane association 20 . However, Gga2p does not absolutely require Arf interaction for localization 10 and our findings indicate that acute 
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Wild type Chase: PtdIns(4)P reduction does not markedly alter Gga2p recruitment. Thus, our in vivo analyses reveal differential dependencies of Gga2p and AP-1 on shared interaction partners, providing a basis for the observed temporal separation of adaptor assembly. Adaptorspecific interactions may also contribute to the spatial and temporal patterns of assembly 7, 40 . We favour the view that spatial separation of adaptor-specific coats reflects temporally distinct assembly events ( Supplementary Fig. S7 ).
GPD-PIK1 GPD-FRQ1 β1-GFP GGA2-mRFP (GPY4943; a), GPD-PIK1 GPD-FRQ1 ENT3-GFP ENT5-mRFP (GPY4944; b) and GPD-PIK1 GPD-FRQ1 ENT3-GFP GGA2-mRFP (GPY4945; c).
The Gga2p VHS domain directly binds Pik1p and deletion of the GGA genes delayed recruitment of Pik1p to the TGN, providing evidence that binding of Pik1p to Gga proteins contributes to Pik1p recruitment. A defect in Gga-mediated Pik1p recruitment accounts for our finding that cells lacking Gga proteins or Arf1p accumulated PtdIns(4)P more slowly and exhibited a corresponding delay in AP-1 assembly. These results support a model in which assembly of Gga-enriched coats with Arf1p at the TGN stimulates Pik1p recruitment and the attendant increase in PtdIns(4)P synthesis in turn promotes assembly of AP-1/Ent5p coats (Fig. 7f) . Notably, recruitment of Pik1p by the VHS domain of Gga proteins, and the combined contribution of Pik1p-generated PtdIns(4)P and Arf1p to Gga2p localization, constitute a positive feedback pathway to drive PtdIns(4)P accumulation at the TGN (Fig. 7g) . Thus, our model posits a regulatory network converging on Pik1p to generate a temporal gradient of PtdIns(4)P that controls adaptor progression.
PtdIns(4)P-coupled progression of Gga2p-to AP-1-enriched coats represents a previously unrecognized maturation process at the TGN ( Fig. 7f and Supplementary Fig. S7 ). Although there are some differences in localization mechanisms of yeast and mammalian 
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PtdIns (4) GGA proteins and AP-1, the strong conservation of binding partners, including ARF and PtdIns(4)P, favours the view that a similar progression occurs in mammalian cells. Supporting this possibility, mammalian GGA proteins often localize with a more compact perinuclear distribution than AP-1, and by immuno-electron microscopy are more prevalent than AP-1 on uncoated TGN membranes, consistent with assembly of GGA proteins at an earlier TGN stage than AP-1 (refs 35, 41, 42) . A PtdIns(3)P-controlled maturation process occurs in the endocytic pathway at early endosomes 43 that, although mechanistically distinct, is analogous to what we describe for the TGN. Taken together, these findings reveal phosphoinositide-based maturation as a mechanism that allows temporal subspecialization within major organelles in both the secretory and endocytic pathways. 
METHODS
Methods
M E T H O D S METHODS
Media and strains.
The strains used in this study are listed in Supplementary Table   S1 ( refs 4,7,22,44,45) . Yeast strains were grown in standard rich medium (YPD) or synthetic dextrose medium (SD) with the appropriate supplements. Fluorescent tags and deletions were introduced at endogenous loci using standard PCR-based homologous recombination. All tagged genes were fully functional as assessed by growth of cells harbouring a tagged gene in a genetic background where deletion of the gene causes severe growth defects.
Except where noted here, all strains were generated from diploid cells by mating, sporulation and isolation of haploid spores. Strains expressing GFP-PH OSH1 under the control of the PHO5 promoter were generated by integrating pGFP-PH OSH1 at the URA3 locus of haploid cells 21 . FYVE-GFP-expressing strains were obtained by transformation of haploid cells with pRS316-FYVE-GFP. Strains overexpressing Pik1p and Frq1p were generated by integrating the glucose phosphate dehydrogenase promoter at the 5 end of both PIK1 and FRQ1 (ref. 46) and then carrying out the appropriate crosses. The VPS34 gene disruption was generated by replacing the first 2190 base pairs of the coding region with TRP1 in diploid cells, which were then sporulated for isolation of haploids. All integrations were confirmed by PCR. All primers used for integrations and deletions are described in Supplementary Table S2 .
Plasmids. pFA6a-2×GFP
S65T -HIS3MX6 was generated using primers 5 -gctgcaggtcgacggatccccgggctaattaacagtaaaggagaagaacttttc-3 and 5 -gtattcgttaattaaagatctgagtccggatttgtatagttcatccatgccatgtgtaatcccagcagctgt-3 to amplify GFP S65T from pFA6a-GFP S65T -HIS3MX6 (ref. 47) , introducing restriction sites for SalI and PacI. The PCR product was then treated with SalI and PacI and introduced into the same sites in front of GFP S65T on pFA6a-GFP S65T -HIS3MX6 to create pFA6a-2×GFP
S65T -HIS3MX6. The construct was confirmed by sequencing. pFA6a-2×mRFP-TRP1 was generated using primers 5 -aattcacaccggcgcctccggactcagatctatggcctcctccgaggacgtcatcaaggagttcatgcgc-3 and 5 -agaagtggcgcgccttaggcgccggttgagtggcggccctcggcgcgctcg-3 to amplify mRFP from pFA6a-mRFP-TRP1 (ref. 48) , introducing restriction sites for SgrAI and AscI. The PCR product was then treated with SgrAI and AscI and introduced into the same sites at the end of mRFP on pFA6a-mRFP-TRP1 to create pFA6a-2×mRFP-TRP1. The construct was confirmed by sequencing. To generate pRS316-GFP-FYVE, a BamH1 fragment encompassing GFP-FYVE from pGFP-FYVE EEA1 -URA3 (ref. 49 ) was inserted into the BamHI sites of pRS316 (ref. 50 ). To generate pPik1-GFP(A8)-PIK1, a BamHI and EcoRI fragment from pFA6a-natNT2 (Euroscarf, accession number p30346) was ligated into pBluescript KS(+) to generate pB-natNT2. Then, PIK1 PCR fragments containing nucleotides −550 to −351, digested with SacII and NotI, and nucleotides −350 to +96, digested with EcoRI, were inserted into the respective sites of pB-natNT2 to generate pB-natNT2-PIK1(−550 + 97). The EcoRI fragment was checked by sequencing. Finally, a PCR fragment containing GFP from pGFP-FYVE and nucleotides coding for an 8-alanine-linker insertion at the 3 was cloned into an existing NsiI site at the ATG start site of PIK1 to generate pB-natNT2-GFP(A8)-PIK1. To integrate into the PIK1 genomic locus, pB-natNT2-GFP(A8)-PIK1 was cut with SacII and EcoRV before transformation. To generate pGex4T1-Gga2(1-169), pGex4T1-Gga2(170-336), pGex4T1-Gga2(337-585), the relevant regions of GGA2 (amino acids 1-169 (VHS), 170-336 (GAT) and 337-585 (hinge/ear)) were amplified by PCR and inserted into the BamHI and SalI sites of pGex-4T-1 (GE Healthcare). The plasmids were checked by restriction enzyme analysis and DNA sequencing. pRS316-pik1 D918A was generated by inserting a NheI and SacI fragment from pRS314-GAL1-mycPIK1 D918A (PTS12; ref. 27) into pRS316-PIK1 (pJB11; ref. 26) . The plasmid was checked by restriction analysis and DNA sequencing. pET28a-Pik1(80-760) was generated by PCR amplification of a fragment encoding amino acids 250-760 of Pik1p followed by cleavage with NcoI and SalI and insertion into pET28a (Novagen, EMD Biosciences) in frame with the carboxy-terminal His6 tag, creating pET28a-Pik1(250-760). The plasmid was checked by restriction analysis and DNA sequencing. A NcoI and NheI fragment from pRS316-PIK1 was then inserted into pET28a-Pik1(250-760) to generate pET28a-Pik1(80-760), which was checked by restriction analysis.
Cell fixation and SIM. Cells were grown overnight in YPD media to 0.4-0.8 ×
10
7 cells ml −1 . Cells were sedimented at 750g for 3 min and resuspended in 4% paraformaldehyde, 42 mM NaOH, 100 mM KH 2 PO 4 , 100 mM sucrose and 1 mM MgCl 2 at pH 5.5 at room temperature for 15 min. SIM achieves resolution of fluorescent objects below the diffraction limit by passing structured light through a diffraction grating to generate multiple interfering beams of light, collecting images and then repeating the process twice with the diffraction grating rotated 60 • from the previous position 12 . The resulting super-resolution image is computationally reconstructed on the basis of changes in the fluorescence patterns between images 12 . Images were captured using a 12 . Three-dimensional images were reconstructed using SoftWoRx (Applied Precision).
Live-cell microscopy. Cells were grown in SD complete or SD-uracil at room temperature to a density of 0.1-0.3 × 10 7 cells ml −1 . Cells were sedimented by centrifugation at 750 g for 2 min, resuspended in 100 µl of the appropriate media and then imaged at room temperature. GFP and mRFP channels were exposed for between 100 and 500 ms per frame, and a mRFP/GFP frame pair was collected every 1-2 s. Typically 100-200 GFP/mRFP frame pairs were collected per timelapse movie.
Image acquisition and analysis. Images were captured using a 100×/1.45 NA objective on a 3i Marianas SDC confocal microscope equipped with a Zeiss AxioObserver Z1, Yokogawa CSU-22 confocal head and a Hamamatsu EMCCD C9100-13 camera, all controlled by Slidebook 4.2 software. GFP and mRFP images were acquired by excitation at 488 nm and 561 nm from a high-speed AOTF laser launch line.
Time-lapse movies were analysed using Slidebook 4.2. Movies were first photobleach-corrected and then the average fluorescence intensity of a tracked puncta was measured for each frame over its lifetime. The time point with the highest average value was taken as the time point of peak fluorescence and the time point with the lowest average value was taken as the minimum. Normalized fluorescence intensity at time point X = (intensity at time point X − minimum intensity)/(maximum intensity−minimum intensity). Two criteria were applied to select puncta for data collection: the structure had to be present for more than seven frames (∼8.4 s); each structure had to remain distinct from other puncta.
Co-localization was quantified by creating masks from the GFP and mRFP channels after sequential Gaussian and Laplacian filtering. The accuracy of each mask was checked by visual comparison to the original image. Co-localization between proteins was expressed as the percentage of pixels from the corresponding channel that overlap with the other channel from the same image 7 .
Statistical analysis. Statistical significance of peak-to-peak and co-localization data was tested using the unpaired, Student t -test. Significance of the α-factor data was tested using the chi-squared test. Results are expressed as the mean ± s.e.m.
Metabolic labelling, immunoprecipitation and affinity binding. Metabolic labelling and immunoprecipitation of α-factor from the media was carried out at 24 • C as described previously 5 . Pulse-chase immunoprecipitation of CPY was carried out as described for carboxypeptidase S (ref. 4) except that antibody to CPY was used. EndoH treatment was carried out as described previously 51 . For binding experiments, N-terminal GST fusions of the Gga2p VHS domain, GAT domain, hinge/ear domain, full-length Gga2, full-length His6-Gga2 and Pik1(80-760)-His6 were expressed in BL21-DE3 (Codon+) Escherichia coli. Bacteria were lysed in PBS at pH 7.4 (and 30 mM imidazole for Pik1 fragments) with a protease inhibitor mixture (Roche Diagnostics GmbH) by sonication. The resulting lysates were cleared by centrifugation for 20 min at 12,000g . Glutathione-Sepharose (Gga2 fragments) or Ni-NTA beads (Pik1 fragment or His6-Gga2) were added to the supernatant and allowed to bind for 1 h at 4 • C. GST fusions bound to glutathione were used directly. The bound Pik1 fragment or His6-Gga2p was washed four times with PBS, then three times with 50 mM HEPES at pH 7.4, 50 mM NaCl and 30 mM imidazole, and then eluted in 50 mM HEPES at pH 7.4, 50 mM NaCl and 300 mM imidazole. His6-Gga2p and BSA were coupled to CNBr-activated Sepharose following the manufacturer's instructions (GE Healthcare). Proteins were analysed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting with anti-HA antibody (Covance) at a 1:1,000 dilution.
For affinity binding, yeast cells were grown to mid-logarithmic phase in YPD medium. A total of 15 × 10 8 cells per sample were converted to spheroplasts and lysed by resuspension in a final volume of 1 ml of lysis buffer: 100 mM MES-NaOH at pH 6.5, 1.5 mM MgCl 2 , 2 mM CaCl 2 , 0.2 mM dithiothreitol, 2 mM NaN 3 containing 1% Triton X-100 and a protease inhibitor mixture 5 . The extract was clarified by centrifugation for 30 min at 16,000g at 4 • C. The supernatant was incubated for 30 min in the presence of Protein A Sepharose (Amersham Pharmacia Biotech) followed by centrifugation for 20 s at 16,000g . The resulting supernatant was brought to 1 ml in lysis buffer and BSA-conjugated or His6-Gga2-conjugated Sepharose was added; the samples were incubated for 1.5 h at 4 • C, washed twice in lysis buffer, then twice in lysis buffer without Triton X-100, and eluted with sample buffer at 100 • C for 3 min (2% SDS, 10% glycerol, 62.4 mM Tris-HCl at pH 6.8, 0.1 mg ml −1 bromophenol blue and 0.4% β-mercaptoethanol). Proteins were analysed by SDS-PAGE and immunoblotting with anti-GFP (Scantibodies, 1:1,000) DOI: 10.1038/ncb2427 
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